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An in-situ powder neutron diffraction study of nano-precipitate formation during processing of oxide-dispersion-strengthened ferritic steels 
Introduction
The increasing demand for energy coupled with a need to reduce carbon dioxide emissions associated with fossil fuels has revived interest in nuclear energy, the efficient and safe utilization of which will rely on improved neutron-resistant materials for use in nextgeneration fission and first-generation fusion power plants. Reduced-activation ferritic oxidedispersion-strengthened (ODS) steels are promising candidate materials because of their relatively stable high temperature mechanical properties and comparative resistance to neutron irradiation [1] . The superior performance over conventional equivalents is attributed to the presence of nanosized oxide dispersoids that act, even at very low volume fraction (<1 vol%), as: (a) pinning points to dislocation movement giving high temperature strength and creep resistance; (b) nucleation sites for small helium bubbles, preventing formation of large bubbles, or excessive He migration to grain boundaries both of which lead to embrittlement;
and (c) stable sinks for irradiation induced defects such as vacancies and interstitial atoms, reducing accumulation of hardening defects such as dislocation loops [1] . Therefore, understanding of oxide-based nano-precipitate (nanocluster) formation during ODS processing is critically important for optimisation of alloy-process combinations.
ODS steels are usually produced by powder metallurgy routes involving mechanical alloying (MA) of Y 2 O 3 and pre-alloyed or elemental metallic powders followed by consolidation, such as hot isostatic pressing (HIP) or hot extrusion. The structure and chemistry of the nano-oxide particles in ODS steels have been investigated by using various techniques [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , based on which the commonly proposed mechanism for the formation of nano-oxide particles is that room temperature MA produces a supersaturated solid solution containing Y, Ti and O which decomposes during high temperature consolidation to precipitate nano-oxide particles [1] . A 4 brief review of some key findings that support this mechanism and the remaining uncertainties and limitations of techniques is discussed below.
Cayron et al. [2] While this brief review shows progress in understanding the dissolution and re-precipitation of nanoclusters, most of the prior studies are limited by two factors: 1) They are based on ex-situ characterization of the final material at the end of a multi-step consolidation process, so that the details of the early stages of nano-precipitate formation are impossible to recover;
2) The characterization techniques study only an extremely limited volume of material, so that representative behaviour is difficult to obtain and nano-scale variations in local chemistry could dominate the observed precipitation behaviour.
In this paper, we use high resolution powder neutron diffraction to study the progressive The penetration depth of neutrons (~25 mm for iron-based alloys) [15] is much larger than 7 that (~ 5 m) of X-rays [16] , and allows more representative insights of fine-scale microstructural evolution. Specimens for neutron diffraction were the unconsolidated feedstock and milled powders directly, and so no artefacts were introduced during sample preparation or due to consolidation effects. Because the nano-precipitates formed by annealing the as-milled powders in vacuum are almost identical to those formed at the same temperature but under pressure during HIP consolidation routes [11] , we expect that this in- GmbH, Germany) using a chrome steel bowl (500 ml) and steel balls (400g, 10 mm in 
Result and discussion

Neutron diffraction of Fe-14Cr-10Y 2 O 3 powder during MA and in-situ annealing
The crystal structure evolution of Fe-14Cr-10Y 2 O 3 powder as a function of milling time according to neutron diffraction is shown in Fig. 1 , with diffraction data from the starting pre- The peak broadening can be attributed to the well-known effects of decreasing crystallite size and increasing lattice strain, arising from crystal defects accumulated during the cold work associated with MA [19] . Even with 10 wt%, the Y 2 O 3 diffraction peak disappeared almost completely after 12 h milling. It was possible that at this stage undissolved Y 2 O 3 particles may have remained in the microstructure but were now simply too small to be detected [16] .
However, after 60 h there were no resolvable Y 2 O 3 peaks, which we assume to be a consequence of the Y 2 O 3 particles being dissociated and finally dissolved in the Fe-14Cr matrix [11] . Segregation of Y dissociated from Y 2 O 3 during MA might be expected to be concentrated at grain boundaries, but Y segregation to the many dislocations in such a highly strained material can also be expected. Atom probe studies (the only true atomic resolution microscopy) have recently confirmed the formation of a relatively homogeneous increasing interfacial energy as milling progresses [3] . Kinetically, the dissolution into the ferrite is facilitated by small crystallite sizes and a high vacancy and dislocation density [20, 21] . 2) The diffraction peaks of ferrite from as-milled powder were significantly broadened due to decreasing crystallite size and increasing lattice strain, and this makes any underlying peak shifts very difficult to identify [19] . 
Precipitate morphology
Cross-sectional secondary electron SEM images of etched surface from Fe-14Cr-10Y 2 providing information on the processing window for controlled nano-precipitate size and density, and thus the performance of ODS steels.
Conclusions
Microstructural evolution and its relationship with hardness (related to yield strength) in Fe14Cr-10Y 2 O 3 ODS ferritic steel powder during MA and subsequent annealing were studied using neutron diffraction, microscopy and microhardness indentation. 
